We undertake a covariance error analysis of the pion-nucleon-nucleon coupling constants from the Granada-2013 np and pp database comprising a total of 6720 scattering data below LAB energy of 350 MeV. Assuming a unique pion-nucleon coupling constant in the One Pion Exchange potential above a boundary radius r c = 3fm we obtain f 2 = 0.0763(1). The effects of charge symmetry breaking on the 3 P 0 , 3 P 1 and 3 P 2 partial waves are analyzed and we find f 2 p = 0.0761(4), f 2 0 = 0.0790(9) and f 2 c = 0.0772(6) with a strong anti-correlation between f 2 c and f 2 0 . We successfully test normality for the residuals of the fit. Potential tails in terms of different boundary radii as well as chiral Two-Pion-Exchange contributions as sources of systematic uncertainty are also investigated.
I. INTRODUCTION
The meson exchange picture is a genuine quantum field theoretical feature which implies, in particular, that the strong force between protons and neutrons at long distances is dominated by the exchange of the lightest hadrons compatible with the conservation laws, namely neutral and charged pions. The strong force acting between nucleons at sufficiently large distances or impact parameters 3fm is solely due to one pion exchange (OPE) and was suggested by Yukawa 80 years ago [1] . The verification of this mechanism not only provides a check of quantum field theory at the hadronic level but also a quantitative insight onto the determination of the forces which hold atomic nuclei [2] . While the mass of the pion may be determined directly from analysis of their tracks or electroweak decays, the determination of the coupling constant to nucleons needs further theoretical elaboration. The pion-nucleon-nucleon coupling constant is rigorously defined as the πNN vertex function when all three particles are on the mass shell and in principle any process involving the elementary vertices p → π 0 p, n → π 0 n, p → π + n and n → π − p (or their charge conjugated) is suitable for the determination of the corresponding couplings provided all other relevant effects are accounted for with an acceptable level of precision. In this work we extract these coupling constants from NN scattering data and look for signals of charge symmetry breaking.
The combinations entering in NN scattering are (we use the conventions of [3] and when possible, for simplicity, omit the * navarroperez1@llnl.gov † amaro@ugr.es ‡ earriola@ugr.es π label),
Usually the charge symmetry breaking is restricted to mass differences by setting f p = − f n = f c = f 0 = f . The relevant relationship between the pseudo-scalar pion coupling constant, g πNN , and the pseudo-vector one, f πNN , is given by
where N, N = n, p and π a = π 0 , π ± (the factor m π ± is conventional). Thus, we may define g 2 0 , g 2 c and g 2 p . We take M p = 938.27231 MeV the proton mass, M n = 939.56563 MeV the neutron mass, and m π ± = 139.5675 MeV the mass of the charged pion.
There is a long history of determinations of pion-nucleon coupling constants using different approaches. A variety of methods and reactions have been used since the seminal Yukawa paper. A more complete account of the subsequent numerous determinations can be traced from comprehensive overviews [4] [5] [6] . Here we will mainly review determinations based on NN-scattering.
The very first determination was made in 1940 by Bethe by looking at deuteron properties [7, 8] soon after Yukawa proposed his theory and before the pion was experimentally discovered, finding the common value f 2 = 0.077 − 0.080. On a more theoretical ground, based on dispersion relations and the Partial Conservation of the Axial Current (PCAC) Goldberger and Treiman deduced a relation between the πNN form factor, G πNN (t), the nucleon axial coupling constant, g A = 1.26, and the pion weak decay constant, F π = 93.4 (3) MeV. The relation, G πNN (0)F π = M N g A [9] , shown by Nambu to follow from chiral symmetry [10] , is strictly valid at the pion off-shell point, q 2 = 0, and numerically it yields f 2 πNN = g 2 A m 2 π + /(16πF 2 π ) = 0.072. Almost simultaneously, Chew proposed [11] to determine it from the occurrence of the pion pole in the renormalized Born approximation, by using an extrapolation method which was implemented soon thereafter for np [12] and pp [13] data. The first direct and quantitative evidence for OPE was found in 1960 by Signell [14] by fitting the neutral pion mass to the differential cross section in p-p scattering data. The method of partial wave analysis (PWA) was soon afterwards used by Macgregor et al. [15] .
During many years πN scattering determination through fixed-t dispersion relations was advocated as a precision tool, yielding initially f 2 c = 0.0790(10) [16] , and later providing f 2 c = 0.0735 (15) [17] (see also [18] and references therein). The latest most accurate πN scattering determinations are: i) the one based on the GMO rule [19] , g 2 c /(4π) = 14.11(20) ( f 2 c = 0.0783(11)); ii) the one using fixed-t dispersion relations, g 2 c /(4π) = 13.76(8) [20] ; iii) the most recent one [21, 22] , based on πN scattering lengths, π − d scattering and the GMO sum rule, yielding g 2 c /(4π) = 13.69(12)(15) = 13.69 (19) . Another source of information has been theNN system, as shown by the Nijmegen group [23] , providing f 2 c = 0.0751 (17) .
The modern era of high-quality NN interactions initiated by the Nijmegen group [24] enabled to decrease the reduced χ 2 /ν from 2 to 1, thanks to the implementation of charge dependence (CD), vacuum polarization, relativistic corrections and magnetic moments interactions, and a suitable selection criterion for compatible data. Their analysis comprised a total of 4313 NN scattering data. This promoted the determination of the pion-nucleon coupling constant from np and pp scattering to a competitively accurate approach. The main advantage of an NN analysis as compared to the πN analysis, which has so far been restricted to charged pions, is that one can determine both neutral and charged-pion coupling constants simultaneously, to search for isospin breaking effects. The three compatible values, f 2 p = 0.0751(6), f 2 0 = 0.0752 (8) and f 2 c = 0.0741(5), were determined from NN scattering data [25] . The originally recommended charge independent value f 2 = 0.0749(4) [25] was revised [26] and confirmed in the 1997 review on the status of the pionnucleon-nucleon coupling constant [4] ; this is the most accurate NN determination to date. There, it was suggested that a charge-independence breaking could be checked with more data and better statistics. The most recent determinations of the Nijmegen group have been given after the inclusion of charge-independent chiral two-pion exchange (χTPE) potential [27] which depends on three additional chiral constants, c 1 , c 3 , c 4 , which also appear in πN scattering. A combined fit of f 2 p and c 1,3,4 to pp scattering data, provides the value f 2 p = 0.0756(4) [28] , and a simultaneous fit to pp+np data of a common f 2 and c 1,3,4 [29] provides linear correlations between f 2 and c 1,2,3 .
Most of the analyses determining the pion nucleon coupling constants involve heavy statistical analysis for a large body of experimental data, mostly χ 2 −fits, which are subjected to a number of a posteriori tests [30] . The verification of these tests buttress a sensible analysis of uncertainties of theoretical models [31] . To the time of their analysis, the Nijmegen group [26, 32] checked the statistical quality of pp fit residuals using the moments test, which for increasing orders overweights the tails.
In this paper we study the possible differences among the pion-nucleon coupling constants by analyzing np and pp scattering data using the NN Granada-2013, 3σ -self consistent database, designed and analyzed recently [33] [34] [35] [36] 1 . There, we have selected 6713 out of 8000 published np and pp experimental data for LAB energies below 350 MeV and measured in the period 1950-2013, which satisfactorily verify the tail-sensitive test [37] , based on the quantile-quantile plot for the combined np+pp residuals (see also Ref. [38] for an application of these ideas to ππ scattering). As a side remark we note that the Uppsala controversial measurement [39, 40] , which gives the value f 2 = 0.081 and appears in Weinberg's textbook [41] , was disputed by the Nijmegen group [42] and contested [43] . An overview of the situation can be glanced in [44] . This measurement has been rejected by our 3σ selfconsistent database [34] . A latter re-measurement at IUCF by the partly the same group [45, 46] , which is compatible with the original Nijmegen PWA, is not rejected by the selfconsistent 3σ criterion.
The paper is organized as follows. In Section II we describe the OPE potential, introduce our notation, and discuss the conditions under which we naturally expect to unveil charge dependence in the pion-nucleon coupling constants. In Section III we review the main aspects of our partial wave analysis and the Granada-2013 database. Our motivation for incorporating charge dependence in the P-waves, besides the customary charge dependence on S-waves implemented in all modern high quality fits, is presented in Section IV along with a discussion of our numerical results based on a covariance analysis. An effort to quantify systematic errors by analyzing the long range component of the CD-OPE is made in Section V. Finally, in Section VI conclusions are presented. In the Appendix we show the extended operator basis accommodating S-wave and P-wave charge dependence.
II. CHARGE-DEPENDENT ONE PION EXCHANGE
The charge-dependent, one-pion exchange (CD-OPE) potential incorporates charge symmetry breaking by considering the mass difference of the neutral and charged pions as well as assuming different coupling constants. We use the convention for πNN Lagrangians defined in the review of ref. [3] . The quantum mechanical potential which reproduces in Born approximation the corresponding Feynman diagrams for onshell static nucleons, is given in the pp, nn and np channels as
respectively. Here, V m,OPE is given by
Here Y m and T m are the usual Yukawa functions,
T (r) = e −mr mr
σ 1 and σ 2 are the single nucleon Pauli matrices, and S 12 = 3σ 1 ·rσ 2 ·r − σ 1 · σ 2 is the tensor operator. Unfortunately, the CD-OPE potential by itself cannot be directly compared to experimental data, and the only way we know how to determine these pion-nucleon couplings is by carrying out a PWA. From a purely classical viewpoint, in order to measure the nuclear force directly it would just be enough to hold and pull two nucleons apart at distances larger than their elementary size, which is or the order of 2fm [33] . For such an ideal experiment the behavior of the system at shorter distances would be largely irrelevant, because nucleons would behave as point-like particles. This situation would naturally occur if nucleons were truly infinitely heavy. In that case the potential would correspond to the static energy of a system with baryon number B = 2 and total charge Q = 2, 1, 0, for pp, pn nn, respectively 2 . Of course, the quantum mechanical nature of the nucleons prevents such a situation experimentally and we are left with scattering experiments. Good operating conditions are achieved when the maximum relative CM momentum, p max , is small enough to avoid complications due to inelastic channels and large enough to contain as many data as possible. This generates a resolution ambiguity of the order of the minimal relative de Broglie wavelength, λ min = ∆r ∼ 1/p max . Since the NN → πNN channel opens up at p max ∼ √ m π M N ∼ 360MeV, we have ∆r ∼ 0.6fm. Unfortunately, in the quantum mechanical NN scattering problem the scales are somewhat intertwined, and thus some information on the unknown short-distance components of the potential have to be considered in order to evaluate the scattering amplitude, the cross section or the polarization asymmetry. The low energy behavior of the NN interaction is expected to depend strongly on its long distance properties. Although some coarse grained information of the unknown contribution is needed, it can be deduced from the experiment with an overall sufficient accuracy as to determine the differences between the pion-nucleon couplings. This viewpoint allows to determine a priori the number of independent parameters N Par needed for a successful fit 3 . These ideas where introduced by Aviles long ago [50] , and they underlie the recent NN analysis carried out by the present authors, where a large database, comprising about 8000 published experimental data measured in the period 1950-2013, was considered [33, 34] .
A. The number of data
There is no symmetry reason why the strong force between protons and between neutrons should be exactly identical; if a difference exists one should be able to see it with a sufficiently large amount of experimental data. These differences are in fact small and hard to pin down because a priori the electromagnetic corrections should scale with the fine structure constant δ g/g ∼ α ∼ 1/137, and the strong (QCD) corrections should scale with the u − d quark mass difference (relative to the s-quark mass) which means
This simple estimates suggest that in order to witness isospin violations in the couplings we should determine them with a target accuracy better than 1 − 2%, which is not too far from the most recent values. On a purely statistical basis the relative uncertainty due to N independent measurements is ∆g/g ∼ 1/ √ N. If we have some extra parameters (λ 1 , . . . , λ N Par ),the condition ∆g ∼ δ g ∼ 0.01 − 0.02 would require N = N Dat − N Par ∼ 7000 − 10000 independent degrees of freedom. Since N Dat N Par this is comparable to the total amount of existing elastic np and pp scattering data. While these are rough estimates, we stress the independence character of the measurements in order to make these estimates credible; it is not just a question of having more data. From the point of view of χ 2 -fits this requires passing satisfactorily normality tests guaranteeing the self-consistency of the fit. In particular, adding many incompatible data would invalidate this analysis.
B. Naturalness of fitting parameters
While our approach is based on a standard least squares optimization, which minimizes the distance between the theory and the experiment for many pp and np scattering data, it is important to mention that we do not consider that all fits are eligible and in fact some of them will be rejected. In what follows, we specify these criteria a priori. 3 In [33] it was found that, for r c = 3fm , the number of needed parameters is N Par ∼ 60. The argument is based on the idea that, if we adopt the CD-OPE potential above r c , we can estimate the number of independent potential values V (r n ) below r c in any partial wave channel, with r n = n∆r. Since the maximum angular momentum in the partial wave expansion is l max ∼ p max r c and there are four independent waves for each l, we would have N Par ∼ 4l max (r c /∆r). Excluding the points r n below the centrifugal barrier, the number becomes N Par ∼ 2(p max r c ) 2 .
As a matter of principle, we reject fits which display bound states in channels other than the deuteron (occurring in the 3 S 1 − 3 D 1 channel only) which will be considered spurious. The appearance of such states in the fitting process is not so unlikely, particularly in the case of peripheral waves. This is usually detected by use of Levinson's theorem, δ l (0) − δ l (∞) = nπ, which requires checking phases at energies much larger than the fitting range. An equivalent way to find spurious bound states is by checking the volume integrals (and high moments) for which a large degree of universality has been found [51] . Too large attractive couplings in the potential permitting a bound state would consequently generate unnaturally large volume integrals of the potentials.
In the case of the pion-nucleon coupling constant we expect some theoretical constraints to be fulfilled. The renowned Goldberger-Treiman relation was deduced as a consequence of exact PCAC, and yields the value (in the isospin limit)
The physical coupling constant corresponds to
It is expected to be larger than value appearing in GT-relation. This suggests
and hence, for the PDG values F PDG π + = 92.21 (14)MeV and
The uncertainty is about 5%. More generally, a GTdiscrepancy is defined (see e.g. [52] for a review),
The value of this number has been changing but typical values nowadays are at the few percent level, ∆ GT ∼ 0.01 − 0.03. In the limit of zero quark masses, chiral symmetry becomes exact, and hence
suggests that, if we obtain a GT discrepancy different from zero, about three more times precision would be needed to pin down isospin breaking. According to our 1/ √ N Dat estimate above, this can be accomplished by increasing the number of independent data by a factor of 10. At the level of isospin breaking some estimates have also been made [53, 54] .
In the case of χTPE exchange, which will also be considered below, the chiral constants c 1,3,4 are saturated by meson exchange [55] . Actually, c 1 is saturated by scalar exchange. The saturation value is c [56] and
In the case of the constants c 3 and c 4 , they are saturated by
Of course, these are not very accurate values, but indicate the order of magnitude one should expect.
III. THE GRANADA-2013 ANALYSIS
In a series of works we have upgraded the NN database to include a total of 6720 np and pp published experimental data by using a coarse grained representation of the interaction, and applying stringent statistical tests on the residuals of the χ 2 -fits after implementing a 3σ self consistent selection process [35] . The resulting Granada-2013 is at present the largest NN database which can be described by a CD-OPE contribution. There are about 60% more data than the 4313 data used in the latest Nijmegen upgrade [4] . This suggests that we can improve on the errors for the pion-nucleon couplings as discussed in the previous section.
We have discussed in detail the many issues in carrying out the data selection, the fit and the corresponding joint np+pp partial wave analysis. We review here the main aspects as a guideline and refer to those works for further details.
We separate the potential into two well defined regions depending on a chosen cut-off radius, r c , fixed in such a way that for r > r c the CD-OPE is the only strong contribution. In addition, for r > r c we also include electromagnetic (Coulomb, vacuum polarization, magnetic moments) [34] and relativistic corrections which we simply add to the strong potential.
Below the cut-off radius, r < r c we regard the NN force as unknown, and we use delta-shells located at equidistant points separated by ∆r = 0.6fm, corresponding to the shortest de Broglie wavelength at pion production threshold. The fitting parameters are the real coefficients (λ i ) JS ll for each partial wave:
where µ is the NN reduced mass. Alternatively the potential can be expanded in an operator basis extending the AV18 potentials in coordinate space, see appendix A. The transformation between partial wave and operator basis was given in Ref. [34] . It turns out that r c = 3fm provides statistically satisfactory fits to the selected 3σ -self consistent Granada-2013 database. While it would be interesting to separate explicitly the known from the unknown pieces of the interaction below the cut-off radius r c , this is actually a complication in the fitting procedure, and will not change the values of the most-likely pionnucleon coupling constants. Another advantage of taking r c = 3fm is that in our analysis there is no need of form factors of any kind, and thus we are relieved from disentangling finite size effects, quark exchange and the intrinsic resolution ∆r inherent to any finite energy PWA 4 The possible A y problem for np scattering, raised by the data of Ref. [58] , suggested a sizable isospin breaking of coupling constants. The problem was re-analyzed theoretically in [34] and red band from a fit with charge symmetry breaking on the 3 P 0 , 3 P 1 and 3 P 2 partial waves.
ref. [59] , and motivated the reanalysis of the data [60] and the disentanglement between systematic and statistical errors. Actually, in ref. [59] it was found that these data might be explained in an isolated fashion when isospin was broken. Thus, we allow this isospin breaking to foresee the possibility of recovering the data.
IV. STATISTICAL ANALYSIS
In our previous analysis we took a fixed common value for the pion-nucleon coupling constant suggested by the Nijmegen group. When we relax this assumption and also fit the pion-nucleon coupling constant as another parameter in the potential, we obtain f 2 = 0.0763(1), which is 3σ compatible with the Nijmegen recommendation [25] , f 2 = 0.0749(4) and more accurate.
A. Charge symmetry breaking on S-and P waves An old problem in NN scattering fitting is if it is possible to predict the neutron-neutron potential fron np and pp data. A necessary condition would be that the unknown piece of the short distance interaction for np and pp coincide in the isovector channels. Once we allow to vary the coupling constants f 2 p , f 2 0 and f 2 c from their common value f 2 we have first searched for a fit without CD in the λ s (i.e. assuming that they are equal for np and pp). We get χ 2 /ν = 1.2 for CD-OPE above r c = 3fm. On the other hand, χ 2 /ν = 9 for CD-OPE+χTPE above r c = 1.8fm. Therefore, and in harmony with all highquality previous attempts we cannot deduce nn-scattering below r c = 3fm.
Following the common practice of other analyses [24, 61, 62] , we have previously allowed different pp and np parameters only on the 1 S 0 partial wave [33, 34, 63, 64] and found that this symmetry breaking is indeed necessary to obtain an accurate description of the pp and np scattering data. The large collection of about 8000 available data also makes it possible to test charge symmetry breaking on the parameterization of higher partial waves, e.g. 3 P 0 , 3 P 1 and 3 P 2 .
To carry out such a test we have considered different np and pp parameters on those partial waves and performed a full PWA and selection process as described in [34, 64] , by fitting the delta-shell potential parameters to the complete database and then applying the 3σ rejection criterion iteratively until a self consistent database is obtained. The consistent database obtained in this case has 3006 pp data and 3735 np data, including normalizations, and the value for the chi square per number of data is χ 2 /N data = 1.02. When comparing with our previous consistent data base [34] this symmetry breaking can only describe 21 additional data out of more than 1000 rejected data. Fig. 1 compares the low angular momentum phaseshifts of the PWA in [34] (blue bands) with this new analysis (red bands). The pp phaseshifts show no significant difference, while the np ones are statistically different and the differences are even greater for higher angular momentum partial waves. Tabulated values for the lower phase-shifts for selected LAB energies are provided in Appendix B.
Usually the charge symmetry breaking is restricted to mass differences by setting f p = − f n = f c = f . The value f 2 = 0.075 recommended by the Nijmegen group [25] has been used in most of the potentials since the seminal 1993 partial wave analysis [24] . Here we test this charge independence with the large body of data available today, by using f p , f 0 , and f c as extra fitting parameters along with the previous 46 delta-shell parameters. We show our results in Table I depending on different strategies regarding isospin breaking: S-waves, S-and P-waves, and in the coupling constants. The working group summary of 1999 provides a recent compilation of coupling constants in a chronological display [5] . The most recent determination [21, 22] , based on πN scattering lengths and π − d scattering, and in the GMO sum rule, yields g 2 c /(4π) = 13.69(12)(15) = 13.69 (20) . From our full covariance matrix analysis we get g 2 p /(4π) = 13.774(75), value is 2σ compatible with these determinations, but slightly more accurate. The fitting delta-shell parameters obtained in our different strategies, regarding charge independence breaking in just Swaves and charge independence breaking in S and P waves, can be seen in Tables II and III Fig. 2 shows the 1σ correlation ellipses along with the scatter diagram resulting from drawing 1000 random variates following the multivariate normal distribution dictated by the covariance matrix. The fit without charge dependence on the P waves is indicated by the blue dots and yellow line while the fit with charge dependence on the P waves corresponds to the red diamonds and green line. Charge independence, f 2 p = f 2 0 = f 2 c , is marked by the diagonal black line. Several aspects should be noted from Fig. 2 . First, while the values on Table I seem to suggest that the determinations with and without charge charge dependent P waves for f 2 0 and f 2 c are 1 and 2σ compatible respectively, in fact the strong anti-correlation between the two coupling constants makes the determinations completely incompatible. The determination with charge dependence on the S waves only is compatible with the f 2 p = f 2 0 = f 2 c = 0.0763(1) fit at the two sigma level; this is in accordance with the slight decrease in χ 2 in spite of the fact that two extra parameters are fitted. Finally, the fit with charge dependent P waves is incompatible with f 2 p = f 2 0 = f 2 c , once again due to the strong anti-correlation between f 2 0 and f 2 c .
B. Normality tests
The standard assumption underlying a conventional χ 2 -fit is that the sum of ν-independent squared gaussian variables belonging to the normal distribution N(0, 1) follows a χ 2 distribution with ν-degrees of freedom [30] . One can actually check a posteriori if the outcoming residuals do indeed fulfill the initial assumption with a given confidence level. The selfconsistency of the fit is an important test, since it validates the current statistical analysis, and provides some confidence on the increase in accuracy that we observed as compared to previous works. For a number of data much larger than the number of fitting parameters, N Dat N Par , the conventional χ 2 -test requires with ν = N Dat − N Par for a N σ -standard deviation confidence level. The tail-sensitive normality test is more demanding and for the three fits presented on this section are summarized on Fig. 3 as rotated quantile-quantile plots. The tail-sensitive test compares the empirical quantiles of the residuals with the expected ones from an equally sized sample from the standard normal distribution. The red bands represent the 95% confidence interval of the normality test. For more details of the Tail-Sensitive test see [36] .
C. Separate contributions to the fit
In line with previous studies, it is interesting to decompose the contributions to the total χ 2 both in terms of the fitted observables as well as in different energy bins. The separation is carried out explicitly in Tables IV and V for pp and np scattering observables respectively. As we can see the size of the contributions χ 2 /N are at similar levels for most observables. N(0, 1) , in which case the fit is self-consistent a posteriori. Left panel, assuming a charge independent pion-nucleon constant used as a fitting parameter and charge symmetry breaking only on the 1 S 0 partial wave parameters. Central panel, assuming three different charge dependent pion-nucleon constants used as a fitting parameters and charge symmetry breaking only on the 1 S 0 partial wave parameters. Right panel, assuming three different charge dependent pion-nucleon constants used as a fitting parameters and charge symmetry breaking on the 1 S 0 and P partial wave parameters Note that observables with a considerable larger or smaller χ 2 /N are also observables with a small number of data and therefore larger statistical fluctuations are expected.
Likewise, we can also break up the contributions in order to see the significance of different energy intervals, see Table VI . We find that, in agreement with the Nijmegen analysis (see [65, 66] for comparisons with previous potentials), there is a relatively large degree of uniformity in describing data at different energy bins.
V. ANALYSIS OF SYSTEMATIC ERRORS
In this section we seek to identify some sources of systematic errors. Besides the success of our fits on purely statistical grounds, it is helpful at this point to analyze why we have chosen our potential representation and the possible systematic uncertainties related to it.
A. Anatomy of the potential
The present approach uses a coarse grained interaction in the unknown region, below a cut-off radius r c = 3fm. The choice of r c = 3fm, however, is not arbitrary nor blind and in fact it has been guided by a detailed analysis of existing NN forces. We have checked that high quality potentials used in the past, are local at large distances and do implement CD-OPE as the main contribution above 3fm of strong origin. We remind that a plain extrapolation of the CD-OPE potential down to the origin presents a short distance 1/r 3 singularity and a certain regularization is needed which becomes innocuous at r > r c = 3fm. We have also analyzed quark models from a cluster viewpoint where there appears a form factor naturally regulating both electromagnetic Coulomb, OPE and TPE interactions only below r c = 1.8 − 2fm [33, 69] , so that we can assume that nucleons interact exchanging one or two pions as point-like particles for distances larger than r c > 1.8fm. Actually, this assumption can be validated since lowering down to r c = 1.2fm results in large χ 2 /ν values (see e.g. [70, 71] for a discussion within chiral perturbation theory).
One good motivation to analyze the NN interaction is the possible application to nuclear structure calculations. However, the nuclear many body problem is difficult enough to make specific techniques not suitable for all representations of the interaction; the form of the potential matters. Thus, quite often, potentials fitting data are designed to be suitable for a specific technique. This choice introduces a bias which acts as a source of systematic errors. In our previous work [72] we have addressed the systematic uncertainties arising from using several tails and short distance forms of the potential. The purpose there was to devise a smooth and non-singular potential in the inner region, friendly for nuclear structure applications, since it turns out that the delta-shells produce a long high momentum tail which hinders the nuclear structure calculations. This includes some bias because, similarly to other local potentials, smoothness is not a requirement of any physical significance. Thus, these systematic uncertainties stem from a prejudice on insisting in a particular form of the potential based on its possible application in theoretical nuclear physics, and are relevant within that context. The motivation for the coarse grained short distance potential has been given many times. The sampling scale ∆r ∼ 1/p max might be varied from its Nyquist optimal sampling value. For a finite range potential that means sampling with more points since r c = n∆r. We generally find that increasing the number of delta-shells results in over-fitting, i.e., it does not improve the quality of the fit but it does increase the correlations among the fitting λ i 's parameters, exhibiting a parameter redundancy. Correlation plots for this optimal sampling situation have been presented in Ref. [35] for the short distance parameters and in Ref. [36] for the corresponding counterterms. As it has been discussed in a recent work [73] the Nyquist sampling works up to LAB energies as high as 3 GeV.
C. Boundary radius
In the previous section we have assumed a fixed cut-off radius r c = 3fm above which a CD-OPE potential is assumed. Here we analyze the robustness of our determination by modifying the cut-off radius, looking for the cases r c = 1.8, 2.4, 3.0 and 3.6 fm. Although the reasons for choosing r c = 3fm have been explained in subsection V A, the variation of the cut-off radius allows to explore the dependence of the statistical analysis on the particular form of the potential. While this type of cut-off variation in coordinate space is not entirely equivalent to a cut-off variation in momentum space, it can provide insight of cut-off dependence in the latter. Our results are summarized in Table VII . For each value of r c three PWA are performed. In the first one the coupling constant f is fixed and not fitted. In the second PWA a common coupling constant f is fitted as a parameter. In the third one, the three constants f p , f 0 and f c are fitted as distinct parameters. Several interesting features are worth mentioning. When the short distance cut-off is shifted towards smaller values the χ 2 /ν increases several times more than the standard statistical tolerance 1 ± 2/ν. Larger χ 2 /ν values generate smaller uncertainties. This was expected, and it is just a consequence of the larger penalty to change parameters in a worse fit.
As we see, the best global χ 2 (and nearly equal) values are obtained for r c = 3fm and r c = 3.6fm. However, we observe that, in going from r c = 3.0 to r c = 3.6, the value of χ 2 pp increases by 40 (with 13 more parameters) whereas the χ 2 np result decreases by 50. Increasing the cut-off means replacing the CD-OPE dependence between 3 and 3.6 by unknown interactions so that many more partial waves will be charge-dependent, increasing the number of parameters. At this point the number of CD parameters becomes rather large. Furthermore, for r c = 3.6, the values obtained for the pionNucleon coupling constants are excluded as unnatural by the Goldberger-Treiman relation shown in Eq. (13).
D. Adding Chiral Potential tails
The Nijmegen group estimated systematic errors by including different potential tails, particularly with Heavy Boson Exchange (HBE). More recently, the inclusion of chargeindependent chiral two-pion exchange (χTPE) potential [27] , depending on three chiral constants, c 1 , c 3 , c 4 , which also appear in πN scattering, allowed them to perform a combined fit of f 2 p and c 1,3,4 to pp scattering data, obtaining the value f 2 p = 0.0756(4) [28] , and a simultaneous fit to pp+np data of a common f 2 and c 1,3,4 [29] .
In Table VIII we show several fits of the pion-nucleon coupling constant f 2 after including the χTPE with different cut radius r c on the analysis. In our previous work [63, 70, 74] we determined the value of the chiral constants c 1 , c 3 and c 4 from NN data but maintaining f fixed. The good feature of implementing χTPE is that we can generally lower the boundary radius r c down to the elementary radius, r e = 1.8fm with a smaller number of parameters. The outcoming values of the chiral constants should be compared with the recent reanalysis in πN scattering using a great deal of theoretical constraints [75] . As with the case of including only CD-OPE on the potential tail, the Goldberger-Treiman relation excludes the fits with r c = 3.6 fm. The unnaturally large values for the chiral constants also calls into question the analysis with r c = 3.0fm and r c = 2.4. Finally lowering the boundary all the way to r c = 1.2 fm no longer gives a satisfactory description of the data, as indicated by the large value of χ 2 /ν, which is several standard deviations away from the most likely value.
E. Sensitivity to particular data
The selected database provides 3σ consistent values for the χ 2 distribution. An important issue concerns the dependence of our results on the chosen data. We do not expect all data to contribute equally to the determination of the coupling constants. In the past selected data or dedicated experiments have been used to extract the coupling constant. Our analysis rests on a global fit, but it is still interesting to identify the most significant data in the fit of the coupling constant f 2 .
From a statistical point of view, this can be done by looking at the simplest case: the variations ∆χ 2 due only to variations on f , and by identifying the largest contributions.
The Hessian involving any two fitting parameters p i and p j is in general given by 1 2
where the standard approximation of neglecting second derivatives has been made. Here O n is the nth observable in the fit and σ n is the experimental error. We can look at this sum for one fitting parameter such as the coupling f after ordering the contributions to the Hessian according to their size, i.e. n → π(n)
and define the error due the first N largest contributions
so that the relative error is ε N ( f ) = ∆ f N / f We plot in Fig. 4 the result for ε N ( f 2 ) = 2ε N ( f ) and as we see about 10-20 data 
and the chiral constants c 1 , c 3 and c 4 determined from different fits to the Granada-2013 database and of the CD-OPE plus χT PE depending on the cut-off radius r c . Charge dependence is only allowed on the 1 S 0 partial wave. build the main contribution to the precision in f 2 . These data corresponds to the deuteron binding energy, the np scattering length, low energy np total cross sections and low energy pp differential cross sections.
F. Systematics as a function of the number of data
As already mentioned, the Granada-2013 database is 3σ -self consistent according to our coarse grained PWA. That implies that we can treat measurements as independent. On the other hand we expect the precision will increase with the number of data. Of course, our selection of data is susceptible to change by gathering more data in the future. The CramerRao inequality provides a lower bound on the error on the fitting parameters which can be determined from least squares fitting [30] . Thus, errors will in general be larger than the N Dat → ∞ case. Given the large amount of data considered in the present analysis it is of utmost relevance to analyze this point in some more detail.
Among the many ways of analyzing the systematic uncertainties a particularly interesting one regards a chronological display of our self-consistent database as a function of the year where data where published and hence on the number of scattering data. This can be seen for pp and pp+np analysis separately in tables IX and X respectively in 5 years intervals. As expected, accuracy improves when the total number of data N Dat included in the analysis are increased. Most remarkable is the fact that, instead of the purely statistical estimate ∆ f 2 / f 2 ∼ 1/ √ N Dat , a fit to the actual trend reveals more, Year
, which is in fact better, see Fig. 5 . This may be due to the fact that newer data tends to be more precise than older data. In fact, while the database contains more np data than pp data, the pp data have smaller statistical errors and the corresponding fitting parameters tend to be better determined.
G. Summary
The conclusion of all these investigations is that acceptable and natural fits produce smaller errorbars than the purely statistical analysis presented in the previous Section. This is probably due to the optimal sampling of the interaction complying with Nyquist theorem.
VI. CONCLUSIONS
Since the strong proton-proton and neutron-neutron potentials correspond to the exchange of a neutral pion, the difference in the couplings manifests in the difference of the potentials above the estimated exclusive domain of the CD-OPE interaction. We can illustrate the main result pictorially in Fig. 6 by choosing the transversely and longitudinally polarized protons and neutrons. So we see that in any of the cases considered the strength of the nn potential is stronger than the pp potential, for instance |V n↑,n↑ | > |V p↑,p↑ | for r > r c = 3fm. Note that we cannot determine the neutron-neutron interaction below r c , and in particular the corresponding neutron-neutron scattering length cannot be determined from the present calculation.
We summarize our points. Using the 3σ self-consistent Granada-2013 database for np and pp scattering comprising LAB energies below 350 MeV we have investigated isospin breaking in the pion-nucleon coupling constants by separating the nuclear potential in two distinct contributions: Above 3 fm we use charge dependent one pion exchange potential for the strong part along with electromagnetic and relativistic corrections. Below 3 fm we regard the interaction as unknown and we coarse grain it down to the shortest de Broglie wavelength corresponding to pion production threshold which is about 0.6 fm. With a total number of 55 parameters, including the three pion-nucleon coupling constants, we describe a total number of 6741 np and pp data including normalization factors provided by the experimentalist which a total χ 2 of 6855.5, which means χ 2 /ν = 1.025. We see clear evidence that the coupling of neutral pions to neutrons is larger than to protons. As a consequence neutrons interact more strongly than protons. To incorporate charge dependence on P waves two more operators need to be added to the basis we used previously getting a total of 23 operators O n . The potential is written as a sum of functions multiplied by each operator
The first fourteen operators are charge independent and correspond to the ones used in the Argonne v 14 
These fourteen components are denoted by c, τ, σ , σ τ, t, tτ, ls, lsτ, l2, l2τ, l2σ , l2σ τ, ls2, and ls2τ. and are labeled as T , σ T ,tT , τz,σ τz, l2T , l2σ T , lsT and ls2T . The first five were introduced by Wiringa, Stoks and Schiavilla in [61] ; the following two were included in [34] to restrict the charge dependence to the 1 S 0 by following certain linear dependence relations between V T , V σ T , V l2T and V l2σ T . The last two terms are required for the charge dependence on the 3 P 0 , 3 P 1 and 3 P 2 partial waves.
As in our previous analysis we set V tT = V τz = V σ τz = 0 to exclude charge dependence on the tensor terms and charge asymmetries. To restrict the charge dependence to the S and P waves parameters the remaining potential functions must follow 48V l2T = −5V T + 3V σ T + 12V lsT − 48V ls2T (A4) 48V σ l2T = V T − 7V σ T + 4V lsT − 16V ls2T (A5) 
